Testing of a device involves assessing how an object behaves in the static magnetic field, switching magnetic fields used for localization, and RF fields. Static magnetic fields may cause ferrous objects to be attracted and align along the field. The RF pulses may cause heating as well as interfere with electrical circuits. There are 3 mechanisms by which RF fields may cause heating: eddy current formation, induction loops, and resonance along conductors. The first 2 effects do not cause any storage of electrical energy and therefore, rarely cause heating hotter than a few degrees Celsius in an MR environment. However, if resonance occurs then the temperature rise can be quite marked and rapid.
Methods
Initial testing was performed using a gel phantom on a 3-T Magnetom Total Imaging Matrix (TIM) Trio (Siemens Medical Solutions). The safety of the device was assessed by its interaction with the static, gradient, and RF fields. Its compatibility was tested by assessing its performance during the operation of imaging sequences as well as assessing whether there was any degradation in diagnostic quality of imaging data obtained during ICP monitoring. The Codman MicroSensor ICP Transducer consists of an ICP tip and associated transducer wire, an inline connector box, and a transducer cable taking signals to the monitor placed outside the 5 gauss line of the imaging unit.
Initial tests were of translational motion and torque inside the magnetic field. The inline connector box was weakly ferromagnetic. It was suspended vertically by the transducer cable at the bore of the magnet to assess the angle of deflection. An angle Ͻ 45°indicates the forces due to the magnetic field are less than those caused by gravity. Temperature changes were monitored during sequences of high RF loading using a Luxtron 3100 Fluroptic thermometer and fiberoptic extensions (Luxtron Corp.). Thermocouples were applied in 3 locations within the phantom gel: adjacent to the tip of the ICP transducer and at 1 and 2 cm away from the tip. A fourth thermocouple was placed outside of the phantom in room air as a reference. After a period of equilibrium, temperatures were monitored during a FLAIR sequence that was chosen for its high-gradient switching rates and RF deposition. The imaging parameters were as follows: TE 95 msec, TR 7840 msec, TI 2500 msec, field of view 224 mm, slice thickness 4 mm, and number of slices 27. The accuracy of temperature measurements were Ϯ 0.1°C and they were recorded every 15 seconds over the duration of the imaging procedures. Tests were performed with various configurations of the ICP transducer wire and connection position to simulate different possible clinical scenarios (Table 1) . These scenarios were performed with the ICP probe connected and repeated with the probe in situ but disconnected from the monitoring system. Initial images were obtained with a transmit body coil and receive-only head coil. The ICP transducer was also tested using a transmit-and-receive head coil.
Once the "ideal" set up of the transducer had been established ( Fig. 1) , a series of images were obtained using the body coil. This was performed first with the gel phantom only and again with the phantom but positioned this time next to an individual's head to establish whether there was any image disruption or distortion by the probe position. The probe was placed on the opposite side to the coiled wire so that the ICP probe wire crossed the individual's head, leaving the maximum amount of wire exposed to the head coil, which we regarded as the worst-case scenario. The following sequences were included for the brain: FLAIR, MPRAGE, proton density/T2, and diffusion weighted imaging; those for the entire body: T2-weighted; and those for the spine: T1-and T2-weighted. Each sequence was repeated at least 3 times in 2 different individuals. The performance of the probe's function in this coiled position was assessed by calibration against a water manometer in both the static magnetic field and during the FLAIR sequence over a range of 0-100 mm Hg in ~ 5-mm Hg increments. MedCalc (Version 9.0.1.1) was used to create Bland-Altman plots.
Results
The Codman transducer comprises a microminiature silicon strain gauge-type sensor at one end and an electrical connector at the other. It is 100 cm long with an outside diameter of 0.7 mm. There was no torque or translational motion of the transducer tip or wire. The weakly ferromagnetic connector had an angle of deflection of ~ 40°.
Excessive heating from a baseline of 25 to 64°C within 30 seconds occurred at the tip of the ICP probe when disconnected and positioned where the RF fields would be greatest in the bore of the magnet. The maximum temperature able to be reached is unknown as imaging procedures were stopped when the temperature rose Ͼ 60°C. When connected, but in the same position, less severe temperature rises, but still clinically unacceptable, occurred. Heating was also observed with the ICP wire straight but with the connection at various locations within the bore with the exact amount of heating extremely variable and not consistently reproducible (Table 1) . In all scenarios any heating that occurred was extremely localized and rapid, occurring only in the thermocouple adjacent to the ICP probe tip, reaching a peak within 1-2 minutes. When heating did occur the thermocouple cooled down rapidly (to baseline within 30 seconds) once the sequence was stopped. None of the other thermocouples showed an increase in temperature. Temperature change within clinically acceptable limits was observed with about half of the 1-m transducer wire coiled into 4 loops and secured next to the head coil regardless of whether the probe was connected or not (Fig. 1, Table 2 ). The maximum SAR (that is, specific absorption rate) recorded was in the thoracolumbar series (196.3 W), which was not associated with heating of the probe tip.
When the ICP probe was placed in positions that led to heating, the probe ceased to function. Inspection of a broken probe found it to be secondary to the resistors in the tip breaking. Heating was also found to occur even when the probes were nonfunctioning or the connection circuit had been purposely broken. No heating was observed in a thermocouple that was placed in the electrical cord that connected the ICP transducer to the Codman user interface.
To further investigate the possibility of a resonant effect, the ICP probe was tested on an HP 4195A vector network analyzer (Hewlett Packard). Using the standard HP 41952A transmission and reflection test set, an ~ 1-m length of 50 ⍀ coaxial wire was attached to the test port after having removed the outer insulator and conducting braid of the coaxial wire. In this way the center wire of the coaxial wire acts as an aerial. It was found that by bringing the ICP probe into proximity with this aerial a resonance could be "tuned" in the range of ~ 100-170 MHz. Figure 2 shows the resonant response at ~ 127 MHz, which is the operating frequency of the 3-T system. This occurred with approximately half the 1-m length of the ICP probe in proximity with the aerial. It appears that inductive coupling produces a significant resonant effect that may coincide with very high power transmission at the nuclear magnetic resonant frequency in the 3-T system. Further analysis of the source of the resonant components is beyond the scope of this technical note.
Rather it was desired to investigate the possibility of safe operating positions for the ICP probe components.
To test whether the cessation of resonance was secondary to a choke effect or simply due to removing it from proximity to the struts of the RF transmitter coil, the probe was coiled as before, except that each alternating turn was rotated in the opposing direction to form a noninductive loop. This loss of the choke effect resulted in a clinically significant temperature rise of 1.5°C over 2 minutes.
With the ICP wire coiled inductively next to the head coil, the probe continued to function, even after being exposed several times to imaging sequences. The gradient echo showed some artifact around the probe itself, but no artifacts were observed on the images due to the coiling (Fig. 3) . The mean signal to noise ratio calculated on spin echo images without the probe, with the probe inserted in the gel but disconnected, and with the probe connected in the gel and functioning, were not significantly different (66.2, 68.8, and 66.4, respectively; p = 0.368, Kruskal-Wallis).
In tests using the water manometer, the ICP transducer performed well when inductively coiled in both the static field and during FLAIR. Bland-Altman plots of pressure measured using the ICP transducer versus a water manometer in both the static magnetic field and during a FLAIR sequence showed close agreement with a maximum difference of 2 mm Hg (Fig. 4) .
Discussion
The rapid and excessive heating of the ICP probe in certain situations is consistent with the occurrence of resonance. While this phenomenon has been previously described with other medical devices, this is the first time it has been described in ICP transducers. Temperature increases as high as 63.1°C in a cardiac pacing electrode, 1 48°C in intravascular guidewires, 4 and 25.3°C in a deep brain stimulation implant 5 have been reported. Temperature increases of this extent raise the real possibility of significant thermal injury occurring during MR imaging. Indeed, thermal injuries have been associated with deep brain stimulators in body coils that may have been secondary to the "antenna" effect of the wire. 3, 6 Resonance will occur under certain conditions in a resistance (R), inductor (L), and capacitance (C) circuit. It is the tendency of a system to oscillate at maximum amplitude at a particular ("resonant" or "natural") frequency. This phenomenon occurs when the capacitance and inductance impedances are equal and opposite, thereby canceling each other, causing the wires to act as a receiving and retransmission antenna. The reflection of RF waves at each end of the wire allows standing RF waves to be formed with consequent production of electrical energy. The electric current induced in the antenna has its maximum field intensity at the tip as electrical energy is confined to an antinode. 2 Therefore, the heat generated by the current is dissipated at the tip of the device that may lead to dangerous heating, and in this case the destruction of the probe tip. Other factors thought to play a role in determining resonance include the position of the wire and the wire geometry. The rapidity of temperature rise seen here is consistent with other reports of resonance. 1, 4, 5 As the MR imaging unit's frequency is fixed, the lead's self-resonant frequency needs to be shifted by changing the inductance and thus shifting the resonance well out of the bandwidth of the RF excitation. The coiling of the excess ICP transducer wire may in fact stop resonance by a number of effects. First, our results indicate that it forms an induction coil or RF choke that impedes the flow of high frequency in an alternating current. In addition, the reduction of effective wire length may cause the induced voltage to be less, thus reducing the current generated. It may also be that in coiling the probe it is removed from proximity to the individual struts of the RF transmitter coil as well as changing the orientation of the wire.
Importantly, coiling the lead had no impact on the ICP transducer performance in either the static magnetic field or during imaging with high RF as the coil was placed outside the receiver head coil. No artifact as a result of the coiling was noted in the images.
This study has shown that when using a high-field magnet, the Codman ICP probe is MR conditional. That is, it can only safely be present in a transmit body coil at 3 T with the transducer wire coiled into concentric loops outside the receive head coil. Due to the risk of resonance it must be ensured that this configuration is completely secure, that is, the loops cannot unravel while the patient is in the MR imaging suite. In our system it would appear that the transmit-and-receive head coil is safe in the configurations tested. The findings presented here are specific to the MR imaging system described, and caution should be used before applying them to other systems.
Conclusions
The finding of potentially hazardous heating of the ICP transducer tip has important implications when performing imaging in patients with acute brain injury who require ICP monitoring as well as in the assessment of other monitoring devices that may use extended wires. We would recommend that ICP transducers be safety tested before use in a system, especially when body coils are used. It is important for companies to endeavour to develop devices compatible in the MR environment to ensure that all patients, especially those who are critically ill, have access to the potential benefits of MR imaging.
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